The onset of thromboembolic phenomena in blood oxygenators, even in the presence of adequate anticoagulant strategies, is a relevant concern during extracorporeal circulation (ECC). For this reason, the evaluation of the thrombogenic potential associated with extracorporeal membrane oxygenators should play a critical role into the preclinical design process of these devices. This study extends the use of computational fluid dynamics simulations to guide the hemodynamic design optimization of oxygenators and evaluate their thrombogenic potential during ECC. The computational analysis accounted for both macro-(i.e., vortex formation) and micro-scale (i.e., flow-induced platelet activation) phenomena affecting the performances of a hollowfiber membrane oxygenator with integrated heat exchanger. A multiscale Lagrangian approach was adopted to infer the trajectory and loading history experienced by platelet-like particles in the entire device and in a repetitive subunit of the fiber bundles. The loading history was incorporated into a damage accumulation model in order to estimate the platelet activation state (PAS) associated with repeated passes of the blood within the device. Our results highlighted the presence of blood stagnation areas in the inlet section that significantly increased the platelet activation levels in particles remaining trapped in this region. The order of magnitude of PAS in the device was the same as the one calculated for the components of the ECC tubing system, chosen as a term of comparison for their extensive diffusion. Interpolating the mean PAS values with respect to the number of passes, we obtained a straightforward prediction of the thrombogenic potential as a function of the duration of ECC.
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Introduction
In industry, the current design specifications for blood recirculating devices (BRDs) used in extracorporeal circulation (ECC) are mainly focused on macroscale parameters, such as the minimization of pressure losses and priming volumes, and on the optimization of gas and heat transfer efficiency (Haworth 2003) . The typical industrial design approach is largely based on time-consuming and often inefficient empirical approaches, and the device fluid dynamics is mainly investigated using experimental techniques (Fiore et al. 1998; Mueller et al. 1998; Kawahito et al. 2001) . Currently, one of the major challenges in ECC device design is the minimization of flow-induced platelet activation, which is a major precursor of thromboembolic complications (Schaadt 1999). In comparison with hemolysis, platelet activation is responsible for the onset of thrombogenic phenomena that occur at shear stresses ten-fold lower than those responsible for red blood cell damage (Ramstack et al. 1979) . Nonetheless, the research and development stage of BRDs has mostly been focused on the evaluation of the hemolysis, often neglecting the thrombogenic aspects (Bluestein 2006). Up to date, the risk of thrombus formation during ECC has been generally controlled by anticoagulant therapies, which in turn may induce further complications such as bleeding. The main efforts to reduce the need of anticoagulants have been spent toward surface-treatment strategies (Zimmermann et al. 2007; Niimi et al. 1999; Pappalardo et al. 2006 ). However, a wider-spectrum approach should require BRDs to be thoroughly optimized to minimize or eliminate flow conditions that cause shear-induced platelet activation.
Flow-induced platelet activation is a complex phenomenon, taking place at different length and time scales that are challenging to couple (Yamaguchi et al. 2010) . Prior studies on BRDs for ECC focused on the experimental quantification of the effects of platelet activation, by measuring the dimension of platelet aggregates in centrifugal pumps (Tanaka et al. 2001) , computing the progression of thrombus growth in hemodialyzers and oxygenators (Goodman et al. 2005 ) and comparing the formation of platelet microaggregates in centrifugal and roller pumps (Linneweber et al. 2002) . However, at present, there is a lack of mechanistic insight into the factors that determine platelet activation in these devices.
In the last decade, computational fluid dynamics (CFD) methods have proven their effectiveness in the design process of a wide range of BRDs for ECC, such as pumps (Fiore et al. 2002; Legendre et al. 2008 ), oxygenators (Gage et al. 2002 Hormes et al. 2011 ), arterial filters (Fiore et al. 2009 ), and dialyzers (Eloot et al. 2002 . The advantages of CFD reside in its capability to evaluate the performance of a device at an early stage of the design process, reducing the costs and time needed to manufacture and test physical prototypes (Verdonck 2002) . The potentialities of the CFD approach, alone or in combination with other modeling techniques, were also proved in the investigation of multiscale bloodrelated phenomena (Vesentini et al. 2006; Fiore et al. 2006) .
In the present study, we adopted a CFD-based strategy recently developed for the study of mechanical heart valves (Xenos et al. 2010; Alemu et al. 2010) , in the perspective of guiding the design optimization of oxygenators in order to minimize their thrombogenic potential. Here, this method was applied to the evaluation of the thrombogenic potential of a prototype hollow-fiber membrane oxygenator with an integrated heat exchanger for ECC. The modeling strategy accounted for a macroscale quantification of the velocity and pressure fields, combined with a microscale analysis at the fiber level, and with a transient analysis based on a Lagrangian approach of the mechanical load history experienced by platelet-like particles. This information was then input into a mathematical damage accumulation model to obtain the platelet activation state as a function of the number of passes of the blood within the device.
Materials and methods
A prototype hollow-fiber membrane oxygenator for ECC, developed for research purposes, was analyzed in this work. The device consists of two concentric cylinders: an internal heat exchanger (HE) interfaced with an external membrane oxygenator (OXY), both made of polymeric hollow-fiber mats. A coaxial inlet region delivers the blood to the HE, while a manifold collects the blood from the OXY and channels it to the outlet (Fig. 1) . The heating fluid and the oxygenating gas flow inside the hollow fibers of the HE and OXY regions, while blood flows outside of them. All fluids are separated by impermeable membranes and they never come into direct contact.
The workflow was divided into three steps:
1) A CFD analysis was performed to compute the loading history experienced by the blood particles that flow within the device under working conditions. 2) The loading history was incorporated in a damage accumulation model in order to estimate the platelet activation state associated with blood passing through the device.
3) The flow-related thrombogenic risk of the device was compared with one arising from the tubing system of an ECC circuit.
CFD analysis
Macroscale steady-state analysis
A macroscale CFD simulation was performed to assess the pressure and velocity fields within the device and to determine the shear stress distribution. Blood was modeled as an incompressible Newtonian fluid with density ρ equal to 1,052 kg/m 3 and viscosity η equal to 2.36 cP, which approximate the rheologic properties of blood at 34 % hematocrit, a representative condition during ECC for cardiopulmonary bypass. The three-dimensional geometry of the device was discretized with 2.7×10 6 tetrahedral elements and the quality of the mesh was assessed by checking the elements' equiangle skewness (<0.83) and aspect ratio in the flow direction (<10). A structured hexahedral mesh was chosen for the inlet section, due to the presence of turbulence phenomena in this region and in order to reduce the numerical diffusion error. The number of mesh elements was increased using three
